Arf1 is a GTP binding protein that functions at a number of cellular sites to control membrane traffic and actin remodeling. Arf1 is regulated by site-specific GTPase-activating proteins (GAPs). The combined results of crystallographic and biochemical studies [1] [2] [3] have led to the proposal that Arf1 GAPs differ in the specific interface formed with Arf1. To test this hypothesis, we have used mutagenesis to examine the interaction of three Arf GAPs (ASAP1, AGAP1, and Arf-GAP1) with switch 1, switch 2, and a helix3 of Arf1. The GAPs were similar in being affected by mutations in switch 1 and 2. However, effects of a mutation within a helix3 and specific mutations within switch 1 and 2 differed among the GAPs. The largest differences were observed with a change of isoleucine 46 to aspartate ([I46D]Arf1), which reduced ASAP1-induced catalysis by w10,000-fold but had a 3-fold effect on AGAP1. The reduction was due to an isolated effect on the catalytic rate, k cat . In vivo [I46D]Arf1 had no detectable effect on the Golgi apparatus but, instead, functioned as a constitutively active mutant in the cell periphery, affecting the localization of ASAP1 and paxillin. Based on our results, we conclude that the contribution of specific residues within switch 1 of Arf to binding and achieving a transition state toward GTP hydrolysis differs among Arf GAPs.
Summary
Arf1 is a GTP binding protein that functions at a number of cellular sites to control membrane traffic and actin remodeling. Arf1 is regulated by site-specific GTPase-activating proteins (GAPs). The combined results of crystallographic and biochemical studies [1] [2] [3] have led to the proposal that Arf1 GAPs differ in the specific interface formed with Arf1. To test this hypothesis, we have used mutagenesis to examine the interaction of three Arf GAPs (ASAP1, AGAP1, and Arf-GAP1) with switch 1, switch 2, and a helix3 of Arf1. The GAPs were similar in being affected by mutations in switch 1 and 2. However, effects of a mutation within a helix3 and specific mutations within switch 1 and 2 differed among the GAPs. The largest differences were observed with a change of isoleucine 46 to aspartate ([I46D]Arf1), which reduced ASAP1-induced catalysis by w10,000-fold but had a 3-fold effect on AGAP1. The reduction was due to an isolated effect on the catalytic rate, k cat . In vivo [I46D]Arf1 had no detectable effect on the Golgi apparatus but, instead, functioned as a constitutively active mutant in the cell periphery, affecting the localization of ASAP1 and paxillin. Based on our results, we conclude that the contribution of specific residues within switch 1 of Arf to binding and achieving a transition state toward GTP hydrolysis differs among Arf GAPs.
Results and Discussion
Selection, Preparation, and Analysis of Mutant Arf1 Proteins Mutants of Arf1 were chosen for study (see Table S1 in the Supplemental Data available with this article online) based on previous work that identified residues involved in effector interaction [4, 5] . These changes were primarily in switch 1 and switch 2 of Arf1 ( Figure 1A ). We also introduced mutations based on the crystal structure of [D17]Arf1GDPArfGAP1 in which residues within a helix3 of Arf1 formed salt bridges with Arf GAP1 [1] . The mutant Arf proteins were expressed in and purified from bacteria. We assessed the effects of the mutations on protein structure as described in the Supplemental Data.
Effect of Mutations on In Vitro Interaction with Three
Arf GAPs GTP hydrolysis by Arf is induced by GTPase-activating proteins (GAPs). At least 24 mammalian genes encode proteins containing Arf GAP domains. Of these, 17 belong to 3 groups of protein that have demonstrated Arf GAP activity [6, 7] . We compared three Arf GAPs that use Arf1 as a substrate but function at different intracellular sites: (1) Arf GAP1 [7] ; (2) AGAP1 [8, 9] ; and (3) ASAP1 [10, 11] . [347-804]AGAP1 and [325-724]ASAP1 were used for in vitro biochemistry.
To determine the effect of the mutations in Arf1 on interaction with Arf GAPs, we first determined the amount of GAP protein required to induce hydrolysis of 50% of the GTP bound to each Arf mutant (Table 1) , called the ''C50'' in this paper [2, 3, 12] . For all three Arf GAPs, mutations within switch 1 of Arf1 had a greater effect on activity than mutations in either switch 2 or a helix3 with the exception of Q71 (see below). Within switch 1, mutation of isoleucine 49 to threonine affected all three GAPs 20-to 40-fold, and mutation of asparagine 52 to alanine affected all three 10-to 30-fold. Mutation of other residues within switch 1 differentially affected GAP activity. In particular, mutation of isoleucine 46 to aspartate affected [325-724]ASAP1 activity by z10,000-fold (we were unable to measure a C50, see the next paragraph and Figure 1 Figure 1B) . One explanation for these results is that, even with saturating levels of GAP, hydrolysis was limited by time. To test this possibility, we examined a time course of the reaction with 15 mM [325-724]ASAP1 ( Figure 1C) . The data fit a first order rate equation with 100% of the GTP on Arf1 hydrolyzed with a rate constant of 0.3/min. Similar results were obtained when isoleucine 46 was mutated in the context of a second mutation, leucine 8 to lysine (see Table 1 and Figures 1D and 1E) [21] and rendered with Raster 3D [22] and coordinates from 1R8Q-Arf1 [23] with position 71 changed to glutamine. Switch 1 is yellow, switch 2 is green, and a helix3 is blue. The side chain of some of the amino acids that were changed in mutants generated for these studies are labeled and painted white. affect interaction with Arf GAP1. Mutational analysis of a helix3 also revealed differences between the GAPs. Mutation of glutamate 106 affected interaction with [347-804]AGAP1 and [325-724]ASAP1 by 2-to 3-fold but had an z7-fold effect on the interaction with Arf GAP1. a helix3 mutants affected activity less than did switch 1 mutants, an unexpected result given the crystal structure [1] .
We [2] . Based on nucleotide binding (Table S1 ) and CD spectra ( Figure S1B) (Table 2) . Based on the lack of effect of mutating isoleucine on K d but the large effect on the k cat , we conclude that, analogous to the P loop residue glycine 12 in Ras, isoleucine 46 is not involved in forming the ground state complex but is important to forming the transition state complex [13, 14] . The effects of the mutations in Arf on affinity for [347-804]AGAP1 were similar, but not identical, to the effects observed for [325-724]ASAP1 (Table 2) . Change of isoleucine 46 had no detectable effect on affinity. [L8K, Figure 2A , observed in 68% of 100 cells expressing [I46D]Arf1-HA, compared to 6% expressing wild-type Arf1-HA). The distribution of b-COP was not grossly affected, although it was sometimes found at the cell edge (arrow, Figure 2A , 32% of cells expressing [I46D]Arf1-HA compared to <2% with Arf1-HA). ASAP1 affects focal adhesions [11, 15, 16] . Consistent with a defect in ASAP1 function, [I46D]Arf1-HA expression led to the alteration of the structure of focal adhesions ( Figure 2B ). Instead of being in linear structures behind the edge of the cell (ASAP1 distribution in nontransfected cells shown in Figure S2 ), ASAP1 (arrowheads in Figure 2B ) and paxillin (small arrowheads), a marker of focal adhesions, were at the edge of the cell. The effect was not the result of the epitope tag on Arf1. Overexpressed Arf1-HA colocalized, in a perinuclear distribution, with b-COP (Figure 2A ) and did not affect the localization of ASAP1 or paxillin, indicated by arrows in Figure 2B. [Q71L]Arf1, which is not a productive substrate for any of the GAPs we examined, also disrupted ASAP1 and paxillin localization (Supplemental Data).
The mislocalization of b-COP at the cell edge with [I46D]Arf1 was consistent with [I46D]Arf1 being bound to GTP (see Figure 2A) . To examine the nucleotide binding status of [I46D]Arf1, we coexpressed it with GFP-GAT GGA3 , green fluorescent protein bound to a fragment of GGA3 that binds to Arf1GTP but not Arf1GDP [3, 5, 17] and, therefore, can be used as an indicator of Arf1GTP. Consistent with [I46D]Arf1-HA being bound to GTP, GFP-GAT GGA3 colocalized with it at the cell edge ( Figure S4 ).
We also examined the effect of [I46D]Arf1-HA expression on brefeldin A (BFA)-induced Golgi dissolution. BFA is a fungal metabolite that inhibits Arf1 exchange factors functioning at the Golgi apparatus [18] . Treatment of cells with BFA results in dissolution of the Golgi apparatus dependent on the hydrolysis of GTP on Arf1 induced by Arf GAP1. Expression of an Arf mutant, like [Q71L]Arf1, unable to hydrolyze GTP, slows the effects of BFA on the Golgi (Supplemental Data). In contrast, expression of [I46D]Arf1-HA had no detectable effect on BFA-induced Golgi dissolution (Figure 2A ), as would be predicted for Arfs that can be used as a substrate by Arf GAP1. In addition, [I46D]Arf-HA did not dissociate from the edge of the cell on BFA treatment. Although another important contributing factor for the lack of [I46D]Arf1-HA association with or effect on the Golgi apparatus may be poor interaction with exchange factors (switch 1 is critical to binding guanine nucleotide exchange factors [19] ), the data are consistent with (1) [I46D]Arf1 being a poor substrate for ASAP1 and (2) [I46D]Arf1 acting as a constitutively active Arf specifically at the plasma membranes.
We have postulated that these differences in the Arf GAPs are important for site-specific function of Arf1. Arf GAPs function to inactivate Arf in the presence of a variety of effectors, which do not have a common Arf binding site [4, 20] . The Arf binding site for Arf GAP may vary to accommodate these differences. Variation in the interface might also reflect different functions of the Arf GAPs. Although Arf GAPs function as Arf inactivators, they can have additional functions. ASAP1 bends membranes on binding ArfGTP (Z. Nie et al., submitted). Isoleucine 46 of Arf1 could be involved in either driving or regulating the conformational transition from ArfGTP binding to GTP hydrolysis/catalysis, which may accompany the change from a flat to a curved surface.
Supplemental Data
Supplemental Data include four figures, two tables, and Supplemental Results and Experimental Procedures and can be found with this article online at http://www.current-biology.com/cgi/content/full/ 15/23/2164/DC1/.
